Abstract: Magneto-optical and time-resolved photoluminescence (PL) spectroscopies are employed to evaluate electronic structure of a bound exciton (BX) responsible for the 3.364 eV line (labeled as I * 1 ) in bulk ZnO. From timeresolved PL spectroscopy, I * 1 is concluded to originate from the exciton ground state. Based on performed magneto-PL studies, the g-factors of the involved electron and hole are determined as being g e = 1.98 and g h // ( g h ⊥ ) = 1.2 (1.62), respectively. These values are nearly identical to the reported g-factors for the I * line in ZnO (Phys. Rev. B 86, 235205 (2012)), which proves that I * 1 should have a similar origin as I * and should arise from an exciton bound to an isoelectronic center with a hole-attractive potential.
INTRODUCTION
ZnO is a direct wide bandgap semiconductor that continues to attract extensive research interest. A large binding energy for free excitons (FXs) in this material makes possible highly efficient FX radiative recombination at room temperature, advantageous for the applications of ZnO as an efficient ultra-violet light emitter and also for solidstate white lighting. At low temperatures, FXs become trapped by various unintentional impurities forming bound excitons (BXs) that give rise to a rich variety of sharp photoluminescence (PL) lines within the near-band-edge spectral range [1] . Most of these BX lines were identified as excitons bound to either neutral or ionized shallow donors, i.e. D 0 Xs or D + Xs, respectively [1, 2] . The charge state of the involved donors could be determined from magneto-PL measurements performed in an external magnetic field B applied perpendicular to the c-axis of ZnO.
Besides the DXs discussed above, several BX lines of a different origin have recently been reported in ZnO [3, 4] . Based on detailed magneto-optical and transient PL studies we have showed [4] that one of these lines, i.e. the I * line at 3.3621 eV, arises from an exciton bound to an isoelectronic center with a hole-attractive potential which partially quenches the orbital angular momentum of the bound hole. In this paper, we extend these studies to another BX from this series, namely I * 1 at 3.364 eV, and show that it has the same electronic structure as I * . It is also found that the intensity of I * (I * 1 ) correlates with the intensity of the so-called I 6 (I 4 ) line due to Al (H) impurity [1] . This may suggest that the isoelectronic center responsible for the I * (I * 1 ) transition contains an Al (H) atom as a part of the center.
SAMPLES AND METHODS
The investigated samples were commercially available c-plane bulk ZnO single crystals from different suppliers including Eagle Picher Co., Tokyo Denpa Co. and Cermet Inc. Magneto-PL measurements were carried out at 2K in a split-coil superconducting magnet. A pulsed Ti: sapphire laser with a repetition rate of 76MHz was used as an excitation source during time-resolved PL measurement. The transient PL was detected by a streak camera system combine with a 0.5m single grating monochromator. The continuous-wave PL was excited by a solid state laser emitting at 266 nm and was detected by a photomultiplier tube (PMT) combined with a 0.8m double-grating monochromator. A . Lying about 4.4 meV above these lines are the weaker and spectrally broader peaks related to the D 0 X transitions involving a B-VB hole [5, 6] , D 0 X B -see e.g. the I 6 B line in Fig. 1(a) . In addition, the spectra contain emission lines at 3.3621 eV and 3.3639 eV which are labeled as I * and I * 1 , respectively. We note that the I * intensity is the highest in Cermet ZnO, where the PL spectra are dominated by the I 6 emission due to DX bound to an Al donor [1] . On the other hand I * 1 is the most pronounced line in the samples where I 4 dominates.
EXPERIMENTAL RESULTS AND DISCUSSION
The observed correlation may suggest that I * and I * 1 stem from the excited state of I 6 and I 4 , respectively, e.g. from an exited vibrational-rotational state . However, the transient dynamics of I * from our recent time-resolved PL study [4] suggests that this transition originates from the exciton ground state, as the I * decay was found to be even longer than that of the I 6 transition. To find out whether I * 1 is associated with an excited state or the ground state, we performed time-resolved PL measurement. The results of these measurements are shown in Fig.1b . For comparison, PL decays of I 6 , I 6 B , and I * transitions are also shown. In ZnO, PL decays of excitonic transitions that stem from the exciton ground state (such as I 6 and I * ) are relatively slow, i.e. of the order of 0.7-1.1 ns that is determined by their recombination lifetimes [7] . On the other hand, PL transients of excitonic transitions that originate from exciton excited states are much faster due to fast energy relaxation from the excited to the ground state [6] . This fast transient component is obvious, e.g. in the I 6 B decay -see Fig.1(b) . As is obvious from Fig. 1(b) , the fast decay component is not present in the I When the magnetic field B is directed perpendicular to the c-axis, i.e. in the Voigt geometry (B⊥c, k||c), an additional Zeeman peak appears. Its energy position shifts to higher energies with increasing B. All Zeeman components in the Voigt geometry become linearly polarized with the outer and inner pair emitting in the (E⊥B, E⊥c) and (E//B, E⊥c) polarizations, respectively (see Fig. 2(b) A [1] [2] [3] . This mismatch of the hole g-factors evidences that the hole should be tightly bound at the involved isoelectronic center. In other words, the center has a hole-attractive potential and, therefore, traps the hole as a primary bound particle. This is followed by binding of an electron due to Coulomb-like potential. As the screened residual contribution from the defect core potential is small, the electron in the BX complex retains the effective-mass character reflected by its binding energy and g-factor.
CONCLUSIONS
In conclusion, based on comprehensive magneto-optical and time-resolved PL measurements we have shown that both PL dynamics and Zeeman properties of the I * 1 transition are very similar to those reported most recently for the I * line. We, therefore, suggest that both BXs have the same electronic structure and arise from excitonic transitions at isoelectronic centers with a hole-attractive potential. The electron and hole g-factors of the I 
